Absorption of light is a fundamental process in imaging. The optical properties of atoms are thoroughly understood, so a single atom is an ideal system for testing the quantum limits of absorption imaging. Here we report the first absorption imaging of a single isolated atom, the smallest and simplest system reported to date. Contrasts of up to 3.1(3)% were observed in images of a laser cooled 174 Yb + ion confined in vacuum by a radio-frequency Paul trap. This work establishes a new sensitivity bound for absorption imaging with a 7800x improvement over the contrast previously observed in imaging a single molecule.
INTRODUCTION
Observing the image formed by the absorption of light by matter has played a key role in the advancement of science from van Leeuwenhoek's first microscopic observations of red blood cells to modern astronomical observations of dust clouds in stellar nebula [1] . Measurement of the absorption of single atoms [2] and molecules [3] through spectroscopic techniques is well established, but imaging of the absorption of single molecules has only recently been reported [4] . The limits to the performance of absorption imaging are set by the interactions of light scattering from matter. The quantum mechanics of light scattering from isolated atoms is well understood and provides a system in which to quantitatively test the quantum limits of absorption imaging. We report here the first imaging of the absorption produced by a single isolated atom. The absorption of photons by single atoms is of immediate interest for quantum information processing [5] [6] [7] [8] as an efficient mechanism to couple flying photonic qubits to stationary atomic qubits.
The effect of an object on the flux of photons from a bright-field illumination source creates an optical image. The spatially localized depletion of photons by an object creates an absorption image. We define the contrast C of an absorption image as C = (I bkg -I d )/ I bkg , where I bkg is the intensity of the background illumination and I d is the intensity at the darkest point in the image. As the number of absorbing atoms or molecules is reduced towards zero slices of any opaque (high contrast) material will become translucent and eventually transparent. The scattering cross-section of a single absorber is generally much smaller than the imaging resolution, limiting the observed net absorption per pixel. The large number of absorbers per resolution area in optically dense objects such as rocks or Bose-Einstein condensates compensates for this low effect per absorber. For low contrast objects, fluctuations in the background illumination can easily mask small absorption signals. Previous single atom and single molecule imaging experiments have relied on the low background found in fluorescence imaging to detect single fluorescent protein molecules within a living cell [9] , individual atoms in an optical lattice [10] , or trapped-ion crystals [11, 12] .
The imaging of a single absorber is fundamentally bounded by the limits of quantum mechanics. The finite excited state lifetime τ of any optical transition gives a maximum limit to the power scattered by the absorber P max = hc/( 2λτ ), where λ is the excitation wavelength. In well isolated atoms or molecules P max is typically on the order of picowatts [13] , while the broadening in the solid [4] or liquid phases can increase this to microwatts. In the low intensity (unsaturated) limit the maximum possible scattering cross section is σ 0 = 3/(2π) λ 2 , on the order of the diffraction-limited spot area for imaging at high numerical aperture. In this limit a maximum contrast of approximately 92% can be calculated for this ideal dipole scattering cross section [13] .
A single atom scattering resonant light can closely approach these quantum limits, making it an excellent test system for investigating fundamental limits to imaging. Recent imaging work with single molecules [4] was hampered by the molecules' complicated electronic structure and interaction with the host medium, reducing the scattering cross section. The maximum contrast in that work was limited to 4 ppm and required the use of scanning confocal microscopy in conjunction with complex optical signal retrieval techniques. Despite the greater total absorption possible with isolated atoms, up to 10% [13] in recent spectroscopic measurements, no previous experiment has ever obtained an image of the absorption from a single atom.
METHODOLOGY
We have recently demonstrated high-resolution imaging of trapped ions [14, 15] with a large aperature lens, enabling us to differentiate the small absorbing area of a single atom from the background illumination. The experimental apparatus configuration is illustrated in Figure 1 . One or more 174 Yb + ions are confined in a Paul trap under ultra-high vacuum and laser cooled to a few mK. Laser light near the 174 Yb + resonance at 369.5 nm is focused to a spot with 4.8 μm FWHM diameter to simultaneously create a bright illumination field and provide laser cooling. After passing the ion, the light was collimated by an in-vacuum phase Fresnel lens (PFL) objective with a numerical aperture of 0.64 and re-imaged onto a cooled CCD camera with 615x magnification. We have previously used this PFL imaging system to perform fluorescence imaging of trapped ions with demonstrated spot sizes as small as 440 nm FWHM diameter [15] . 174 Yb + ion is confined in a radio frequency Paul trap formed by the electric quadrupole (dashed lines) between two tungsten needles. Resonant illumination at λ=369.5nm is focused to a spot 4.8 μm FWHM and absorbed by the ion. The resulting shadow is imaged with a large aperture phase Fresnel objective lens onto a cooled CCD camera at 615x magnification (additional optics omitted for clarity)
For an ideal two level atom the scattering rate is γ p = ½ s 0 Γ / ( 1+ s 0 4δ 2 /Γ 2 ) where Γ is the natural linewidth of the transition, s 0 =I/I sat is the normalized saturation intensity, and δ is the laser detuning from resonance. The power scattered (P scat ) by the absorption of photons in such an atom is P scat = γ p hc/λ. The power scattered approaches P max in the limit of high intensity. 174 Yb + ions were produced and laser cooled in a double-needle RF trap using an all diode laser setup. The apparatus has been previously documented in [14, 15, 19, 20] . To prevent interruption of the laser cooling, ions in the P 1/2 state which decayed into the meta-stable dark D 3/2 state (τ=53ms, 0.5% branching ratio [22] ) were repumped back to the S 1/2 state by driving the transition at 935.2 nm. Blocking the 935.2 nm laser beam pumped the ion into the D 3/2 state and was used to reduce the scattering of 369.5 nm light by the ion by an estimated 45 dB, effectively making the ion transparent to the 369.5 nm liht. Illumination of the ion for absorption imaging resulted in charging of the in-vacuum dielectric lens surfaces near the ion, similar to those previously reported for anti-reflection coated glass [23] . The DC electric fields resulting from all sources of residual charge were compensated by applying voltages on four additional electrodes located close to the trapping region. Low illumination beam powers of 15 nW (570 W m -2 ) resulted in a slow charging rate whose effect was noticeable after several hours. Above 100 nW the charging rate became problematic with noticeable degradation occurring within minutes. Powers greater than 130 nW rapidly resulted in a loss of the ion. [15] . Absorption images were obtained by subtracting signal images, for which ion absorption was present, from reference images of the bright field illumination, then normalizing each pixel of the subtracted image to its value in the reference image. The reference images were obtained by optically pumping the ion into the meta-stable D 3/2 atomic state, which does not absorb the 369.5 nm illuminating light. The illumination beam was linearly polarized to eliminate optical pumping effects and its power was stabilized to minimize intensity fluctuations between reference and signal images. For quantitative analysis, the absorption images were high pass filtered to reduce background artifacts and then fit to a two dimensional Gaussian. The amplitude of the Gaussian fit gives the contrast, i.e., the probability that a photon passing through the center of the spot will be absorbed by the ion. A maximum contrast of 3.1(2)% was observed at low intensity and near optimal laser detuning. The observed absorption spot sizes of 485(69) nm FWHM are consistent with the resolution obtained in fluorescence imaging [15] .
RESULTS
The dependence of the absorption properties on laser cooling parameters is shown in Figure 3 . The frequency dependence of the contrast (Fig. 3A) was measured at 570 W m -2 and follows a Lorentzian response for negative detuning, for which laser cooling is effective. When the detuning is positive, laser heating rapidly increases the ion's motional amplitude and thus the size of the imaged absorption spot, reducing the contrast below detectable levels. We model this effect by weighting the ideal Lorenztian response with a step function that falls to zero for positive detuning. Fitting the data of Fig. 3a yields a Lorentzian linewidth of $35(12) MHz, about twice that expected for an ideal 174 Yb + ion at rest. Laser cooling dynamics modifies the Lorentzian from that expected for an ion at rest, shifting the observed detuning of maximum contrast from on resonance to $-8$ MHz. Closer to resonance the increase in scattering rate is accompanied by an increase in the ion spot size from recoil heating, reducing the contrast. These results are consistent with our recent investigations of the dependence of fluorescence image size on laser detuning [16] . Measurement of the total optical power scattered by the atom (described below) as a function of detuning gave an equivalent result with larger uncertainties. The dependence of the absorption on laser intensity (Fig 3B) was measured at -8 MHz detuning, for which we obtain the maximum contrast. The contrast bleaches as the intensity is increased due to saturation of the transition scattering rate. Fitting the saturation data to the two-level resonator model gives a maximum contrast of 3.2(3)% and a saturation intensity of 585 (128) W m -2 , in agreement with the maximum observed contrast of 3.1(3)% and the theoretically expected saturation intensity of I sat = πhc/ (3λ To characterize the ion's power diversion the total optical power scattered by the atom was compared to that incident into the resonant cross section (Fig 3C) . The total optical power scattered is the product of the contrast, absorber spot area, and incident power. Fitting to a saturation curve provides an estimate of the maximum absorbed power P max of 34(6) pW, in agreement with the 33 pW expected from the transition wavelength (λ=369.5 nm) and excited state lifetime (τ=8.1 ns [17] ). In the low intensity limit the ion diverted 30(10)% of the power incident on the resonant cross section, consistent with the 30% expected from reductions due to the -8 MHz detuning and differences between the actual (J=1/2) transition and an ideal two level system. The agreement between the fitted and theoretical values for Fig 3C indicates that the contrasts measured in Fig 3B are the maximum possible that could be obtained at our imaging resolution.
CONCLUSION
We have imaged the absorption from a single isolated atom with an observed maximum contrast of 3.1(3)%, limited by our imaging resolution and laser cooling dynamics. Our observed contrast is nearly four orders of magnitude better than the only previous demonstration of imaging a single absorber [4] . Our approach directly obtained an absorption image under steady-state conditions in free space and did not require any scanning imaging techniques, averaging, or advanced signal recovery. The absorption image contrast and spot size agrees with that expected from the quantum mechanics of light scattering from an isolated atom. Hence we are realizing the maximum theoretically possible contrast for our imaging resolution and that we are at the quantum limit of absorption imaging. Arrays of micro-fabricated PFLs have previously demonstrated diffraction-limited performance of NA=0.9 [18] , presenting the prospect of developing massively parallel confocal absorption imaging for microscopy of extended samples. Absorption imaging with near-total absorption should be achievable with higher resolution imaging using diffraction-limited optics at larger NA [13] . Arrays of large NA optics are of particular interest for interfacing flying photonic qubits to stationary atomic qubits in the development of massively parallel quantum information processing schemes. 
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